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Electronic structure calculations have been performed to investigate the initial steps in the gas-phase
decomposition of urea and urea nitrate. The most favorable decomposition pathway for an isolated urea molecule
leads to HNCO and NE Gaseous urea nitrate formed by the association of urea and, Hi&3wo isomeric

forms, both of which are acitgbase complexes stabilized by the hydrogen-bonding interactions involving the
acidic proton of HNQ and either the O or N atoms of urea, with binding energi&s,(calculated at the

G2M level with BSSE correction) of 13.7 and 8.3 kcal/mol, respectively, and with estimated standard enthalpies
of formation AfHzgg”) of —102.3 and—97.1 kcal/mol, respectively. Both isomers can undergo relatively
facile double proton transfer within cyclic hydrogen-bonded structures. In both cases,y® a catalytic

role for the (1,3) H-shifts in urea by acting as a donor of the first and an acceptor of the second protons
transferred in a relay fashion. The double proton transfer in the carbonyl/hydrogen bond complex mediates
the keto-enol tautomerization of urea, and in the other complex the result is the breakdown of the urea part
to the HNCO and Nklfragments. The enolic form of urea is not expected to accumulate in significant quantities
due to its very fast conversion back toNMC(O)NH, which is barrierless in the presence of HNOhe
HNOs-catalyzed breakdown of urea to HNCO and Nkipredicted to be the most favorable decomposition
pathway for gaseous urea nitrate. Thus, HNEQH; + HNO; and their association products (e.g., ammonium
nitrate and isocyanate) are expected to be the major initial products of the urea nitrate decomposition. This
prediction is consistent with the experimeniaglump/FTIR data [Hiyoshi et all2th Int. Detonation Symp.

Aug 11-16, San Diego, CA, 2002].

I. Introduction an isolated UN(g) molecule) based offgump/FTIR spectro-

. . , .__scopic study..
Salts composed of an organic cation and an oxygen-rich anion P Y

comprise an important class of energetic materials with the UN(s)— (NH, + HNO,) + HNCO (1)
attractive property that fuel and oxidizer components can be
combined in a single stable compound. By varying the chemical UN(s)— NH, + N,O + CO, + H,0 2)

nature of either or both ions, an energetic material can be tailored

to fit specific requirements. Consideration of environmental Channel (1) accounts for the formation of HNCO observed in
impact and toxicity is particularly important in the design of the early stages of pyrolysis and for the appearance of
energetic materials. Thus, organic nitrates and dinitramides (saltsammonium nitrate (NENOs) vapor at longer reaction times.
of HN(NQ),), which are typically biodegradable and produce However, if the reaction occurs under harsher conditions; CO
environmentally relatively benign combustion products, are of and NO are produced in higher concentrations than HNCO,
prime interest as replacements for conventional inorganic presumably by a different channel (2). In addition, ;\H,O,
energetic salts such as ammonium perchlorate. ammonium isocyanate (\fNCO), and small amounts of NO
We report here the results _of an electronic structure study _o_f and NQ have been identified among the products of the UN(s)
the mechanisms and energetics of the gas-phase decompositiopyrolysis. Nitric acid was also observed but only for a very
of urea and urea nitrate. Urea nitrate (UN) is a relatively stable short time (3-5 s) in the beginning of the decomposition
and well-studied representative of energetic organic salts. Thereaction, probably from the reversible UN dissociation to urea,
practical use of UN as an explosive is limited due to its strong NH,C(O)NH,, and HNQ:5
acidity. Nevertheless, UN is a relatively low-cost, low-sensitiv-

ity, and high-performance energetic material suitable for UN(s)= UN(g) 3)
experimental and modeling studies of general detonation .
phenomena. Its detonation properties have been studied UN(g) = HNO; + NH,C(O)NH, 4)

experimentally—2 and computationally.
Two principal decomposition channels have been suggested
for UN(s) (we distinguish solid-phase urea nitrate UN(s) from

Interestingly, gaseous urea could not be detected at the same

conditions. Its disappearance was explained by a fast rearrange-

ment to NHNCO. However, the mechanistic details of this
— - : . reaction as well as the elementary steps involved in the
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# National Research Council of Canada. decomposition channels (1) and (2) could not be unambiguously

* Corresponding author. E-mail: thompsondon@missouri.edu. determined from the spectroscopic data.

10.1021/jp0564647 CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/08/2006




2760 J. Phys. Chem. A, Vol. 110, No. 8, 2006

Tokmakov et al.

SCHEME 1
H H —H
N\ _H N
N ‘__N/ " /
H —C
N : A=Ng \
/N \o N \ J 00
H ; W o : : TS2
‘ P P i — NH;+HNCO + HNO;
: H : Lo
N W / N\
Ny N0 N
§‘| 7 I NH,NO; + HNCO  NH,NCO +HNO;
5 UN@ o Ts1 0 INT1
SCHEME 2 with a series of H-shifts from the NHeactant molecule to the
N atom of HNCO via a hydrogen-bonded network of, (),
or (NHz)n, catalyst molecules. Scheme 3 illustrates the mech-
M anism of urea synthesis from Ntdnd HNCO catalyzed by one
NH,+HNCO NH,CONH, H>O molecule via a six-center transition state.
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A decomposition pathway for UN(g) was proposed by Kohno

et al® on the basis of quantum-chemical calculations at the HF,

B3LYP, and MP2 levels of theory with the 6-3%+G(2d,p)

This H,O-catalyzed reaction proceeds in three steps: (1)
reactants associate in a termolecular com@8x(2) NH; adds
to the C=N double bond in HNCO via a six-center transition
state TS3(cat) where the;8 molecule mediates the H-transfer
in a relay fashion; (3) the 0 and urea molecules are released
from the complexP3 produced in the previous step. The

basis set. They found that the isolated UN molecule has the effective barrier for the bD-catalyzed urea synthesis (the energy

structure of an eight-membered cyclic aciohse complex
[(NH2),CO---HONQO;] stabilized by two hydrogen bonds and

calculated the potential energy profile for the two-step decom-

of TS3(cat) relative to Ngi+ HNCO + H,0) reported by Tsipis
and Karipidi$ is 10 kcal/mol (CBS-QB3T = 0 K), which is
23 kcal/mol lower than the barrier for the uncatalyzed reaction.

position sequence (Scheme 1). The first step is (1,3) H-transferA qualitatively similar catalytic effect of water has been reported

between the two NEgroups of urea. Then NHs eliminated
from the zwitterionic intermediate formed in the first step.
Finally, NHz can react with HNCO and HN£Xo produce the
experimentally observed ammonium isocyanate {NIEO) and
nitrate (NH,NOs), respectively. There is a barrier of 48 kcal/
mol (MP2/6-3%+G(2d,p), T = 0 K) for the urea part to
decompose into Ngtand HNCO fragments. This barrier is much
higher than the dissociation energy of UN(g) to urea and nitric
acid calculated at the same level of theory whicijgHo®

by Estiu and Mer? at the MP2/6-314+G(d,p) level of theory.
The water molecule facilitates the reverse reaction as well. Thus,
previous studigs 10 suggest that at high temperature an equi-
librium is expected between the reactants and products in
Scheme 3 that shifts more toward jH HNCO + H,O with
increasing temperature.

The experimental study of the UN pyrolyziadicates that a
rapid conversion of urea to Ndind HNCO occurs in the early
stages of the pyrolysis in the presence of nitric acid. In view of

14.0 kcal/mol, implying that detectable amounts of gaseous ureaa very sizable catalytic effect of water on urea decompositith,
and HNQ should have been produced in the early stages of we envisage that nitric acid should serve as a catalyst of this
the UN pyrolysis? As mentioned above, gaseous urea was not process, rather than play a spectator role (cf. Scheme 1), which

observed in tha-jump/FTIR pyrolytic stud§ of urea nitrate,

prompts us to look for alternative lower energy pathways for

suggesting that an alternative, more facile process must beUuN(g) decomposition.

responsible for the rapid conversion of urea to HNCO and NH
in the presence of nitric acid.

The reverse reaction of urea synthesis fromgMHd HNCO
(or NH4NCO) is the Wnler reactior which occurs spontane-
ously in water solution and in solid NJNCO open to the

Il. Theoretical Methods

Quantum-chemical calculations were performed with the
GAUSSIANO3 suite of program¥.Geometric optimization of

atmosphere. Recently, the mechanism of this reaction wasthe structures and harmonic vibrational frequency calculations

investigated by Tsipis and Karipidi8using quantum-chemical
calculations at the B3LYP/6-31G(d,p) and CBS-QB3 levels of
theory and by Estiu and Met%at the solvent-corrected MP2/
6-311++G(d,p) level. The gas-phase bimolecular reaction of
NH3z with HNCO to form urea proceeds via a four-center
transition state for the Nifaddition to the &N double bond

in HNCO (Scheme 2). The calculated barriers (CBS-QBS3;

0 K) are 33 and 49 kcal/mol for urea formation and decomposi-
tion, respectively. These barriers are too high to allow a rapid
conversion between N HNCO and urea at normal condi-
tions; however, the theoretical res@it¥ predict a significant
catalytic effect of HO and/or NH molecules on this process.
The (HO), or (NHs)n, catalyst molecules (cases= 1, 2 and

m = 1 were explicitly studied) facilitate the Witer reaction
through a H-transfer relay mechanism, which involves a
nucleophilic attack of NHlon the C atom of HNCO concerted

were done with DF213 using the B3LYP hybrid gradient-
corrected approach of Beckeand the recently proposed BB1K
density functional® The latter is a hybrid version of the BB95
density functional that mixes Becke’'s 1988 gradient corrected
exchang&® and 1995 kinetic-energy-dependent correldfion
functionals with the fraction of HF exchange optimized for the
prediction of thermochemical kinetics against a data set of
reaction energies and forward and reverse barte@air choice

of the B3LYP density functional is primarily due to its well-
documented good performance for geometry optimization of
equilibrium structures, where the B3LYP geometric parameters
are typically of the same quality as those obtained at higher
levels of theory, such as MP2 and QCISDIhe BB1K density
functional, on the other hand, has been shown to provide good
quality molecular and transition state geometfiezs well as
good results for a combination of thermochemical kinetics and
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nonbonded interactiordg.1° All geometry optimizations em-  energy (ZPE) corrections were calculated from the unscaled

ployed a diffuse 6-31++G(d,p) basis sé?to better describe  vibrational frequencies obtained at the same level; and the

the long-range hydrogen bonding in the complexes of nitric acid empirical higher level correctiofs(HLCs) were omitted. All

and the transient structures with ionic character. reactions considered in this study are isogyric (have a conserved
The decomposition mechanisms studied here involve proton number of electron pairs in the reactants, transition states, and

transfer. Since DFT calculations are known to underestimate products), in which case HLCs cancel out in all relative energies.

proton-transfer barriers in the prototypicalBirH---OH,]21-22

and [HsN*H---NH3]23 complexes, more accurate estimations Ill. Results and Discussion

were obtained with MP2 and higher level calculations. To test ;a5 pecomposition.To better understand the decomposition
the accuracy of the DFT-optimized structures, we also performed ., -hanism of urea nitrate, we begin by briefly revisiting the

some geometry optimizations at the MP2 level with the same y5stormations of an isolated urea molecule. Utddas been
6-311++G(d,p) basis set. No geometric constraints were applied e gpject of a number of theoretical electronic structure
during the optimization calculations, which were done using q,jes3-43 |ts unimolecular transformations received less
the gnalytlcal gradlgnt—baseq Beffiyand mod|f|ed.GDIIS5 attention, but the mechanisms of the two key reactions have
algorithms. All stationary points were characterized by the recently been studied by Tsipis and Karipfdist the B3LYP/

number of imaginary vibrational frequencies. Transition states 6-31G(d,p) and CBS-QB3 levels of theory and by Estiu and
were assigned to elementary reactions in accordance with they;q 410 a{ the MP2/6-314+G(d,p) level. Those two reactions

minimum-energy paths (MEPs) calculated by following intrinsic ;. | ate-enol tautomerization (eq 5) and deamination (eq 6):
reaction coordinates (IR&) from the transition states to the

reactants and products. TS,
Previous studi#& 2% indicate that both B3LYP-DFT and MP2 NH,CONH, (1) —— NH,C(OH)NH @) (5)
methods provide accurate molecular parameters and adequate
description of hydrogen-bonding and proton-transfer mecha- NH,CONH, (1) s NH, + NHCO (3) (6)
2 3

nisms in small ammonium and hydroxylammonium nitrate

cluster_s. Howevgr, higher Ievgls of thgory.must be employeq Other possible urea decomposition pathways, such-al N

to obtain more reliable energetics. Herein, higher-level energetic ;. ~_N pond scissions or yelimination, are not expected to
parameters were determined for the most important transforma-, competitive. We have investigate’d the most important
tions by the G2M metho& The G2M family of composite  imqlecular transformations of urea (reactions 5 and 6) using
methods is based on performing high-level single-point energy e present methods (section I1). In addition, we have also

calculations on structures optimized at the BSLYP-DFT_ level. .snsidered various decomposition pathways originating from
A number of variations of the G2M method are available, i1a enolic form of urea):

suitable for systems of different size. For the present molecules

containing up to eight non-hydrogen atoms, the G2M(RCC,MP2) TS, 4
scheme has been chosen in this study: NH,C(OH)NH (2) ~NH; + HNCO 3) (1)

E[G2M(RCC,MP2)]= E[CCSD(T)/6-311G(¢h)] +

TS, .
AE(+3df,2p)+ ZPE () NH,C(OH)NH @) —— NH; + HOCN @) (8)

AE(+3df,2p) = E[MP2/6-311+ G(3df,2p)]— NH,C(OH)NH () —=>H,0+ HNCNH (5)  (9)
E[MP2/6-311G(¢p)] (II)
TS,
This scheme approximates the CCSD(T)/6-8Gi3df,2p) NH,C(OH)NH (2)—6>H20+ H,NCN (6) (10)
electronic energy from the base energyCCSD(T)/6-311G-
(d,p)], and a basis set extension correctiai(+3df,2p). The The urea isomer2) has four conformation26—2d) corre-

base energy is determined by the closed-shell coupled clustersponding to different combinations of the OH torsional angle
singles and doubles theory augmented with a perturbation and cis-trans orientation of the imino-(NH) bond (see Figure
correction for triple excitatior?$—3° with the standard triplé- 1). Since each conformation is nonplanar, it exists in two
basis set. ThAE(+3df,2p) term evaluated at the MP2 level of enantiomeric forms. Molecular structures of conformati2as
theory corrects for the absence of the diffuse and higher 2d and interconversion pathways between them have been
polarization functions in the basis set used in the calculation of computed earlier by Tsipis and Karipi8liat the B3LYP/6-31G-
the base energy. A frozen core approximation is used in the (d,p) level of theory. Similar results are obtained in this work
CCSD(T) and MP2 calculations. using higher level methods. Therefore, only a brief account of

In the present use of the G2M method, all higher-level single- the energetics calculated at the highest level of theory will be
point calculations were performed on the geometries optimized given here. Further details can be found in the Supporting
by the B3LYP/6-31%+G(d,p) method; zero-point vibrational  Information for the present and earfiestudies.
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Figure 1. Urea isomerization, deamination, and dehydration pathways. All eneffiesQ( K, ZPE-corrected, in kcal/mol) are given relative to
urea (1) as calculated by the G2M method; the reference values are given in square brackets.

Conformation2a is the lowest energy enolic form of urea.

At the G2M level conformation&b, 2c, and2d are predicted

kcal/mol)#* NHz (—=9.3 £+ 0.1 kcal/mol)?®* HNCO (—27.6 +
0.2 kcal/mol)?¢ and HOCN 3.1+ 0.2 kcal/mol)*¢ The G2M

to be less stable by 1.8, 3.2, and 6.9 kcal/mol, respectively. energies of the Nkl + HNCO @) and NH + HOCN (@)

Transitions fronRato 2b and from2d to 2cinvolve an internal
rotation of the imino-(N-H) bond about the €N double bond

products relative to ured) are in good agreement (within 1.1
kcal/mol) with the reference values (see Figure 1). The energetic

hindered by~20 kcal/mol in both cases. The torsional motion parameters calculated by DFT methods are less accurate. For

of the O—H group about the €0 bond in2 is more facile. It
connects conformatiorzato 2d and2b to 2c over the barriers
of 8.5 kcal/mol (TSa-g) and 4.0 kcal/mol (T&-¢).

instance, the enthalpy of urea decomposition to HNCO angl NH
is underestimated by 3.0 kcal/mol at the B3LYP/6-3H#1G-
(d,p) level and overestimated by 2.0 kcal/mol by the BB1K

Figure 1 shows the complete network of urea isomerization/ density functional with the same basis set.

decomposition pathways satisfying reactionsl®. The most

Molecular Structure of Urea Nitrate. The crystal structure

important transformations are designated by wide arrows. The of urea nitrate has been determined by nedframd X-ray
energetic parameters given in Figure 1 were calculated by thediffraction*® According to these experimental studies, crystalline
G2M method, and they are used in the following discussion. urea nitrate is a salt composed of the nitrate and protonated

Urea (L) may either isomerize to its tautomeric fo2a over a
barrier of 44.2 kcal/mol or eliminate the NHnolecule after

urea ions with an acidic proton attached to the O atom of urea.
The molecular structure of urea nitrate in the gas phase has been

clearing a slightly higher barrier of 48.6 kcal/mol. Our G2M studied theoretically by Kohno et &kt the HF, BSLYP-DFT,
estimates of these barriers are in excellent agreement with theand MP2 levels with the 6-3f+G(2df,p) basis set. These
CBS-QB3 values (44.0 and 48.6 kcal/mol) reported by Tsipis calculations revealed that an isolated UN molecule does not

and Karipidis? Four conformations of2 may interconvert

exist as an ionic pair but has the structure of an abiase

between each other and access various decomposition pathmolecular complex stabilized by partial donation of the acidic

ways: HO eliminations yielding carbodiimide HNCNH (from
2aand2b) or cyanamide NKCN (from 2c); NH3 eliminations
leading to either isocyanic acid HNCO (frot and 2d) or
cyanic acid HOCN (from2a and 2d). Among the latter
processes, the NfEliminations to produce HNCO via £S3

proton from HNQ to the carbonyl group of urea. However,
the isomerism of the gas-phase urea nitrate has not been studied.
In the present work, we explored various possibilities for the
association of urea with nitric acid in the gas phase and found
additional isomeric forms of the molecular complex thus

and TSy-3 have the lowest barriers. However, none of the produced. The corresponding structures and conformational
deamination and dehydration pathways originating from the transitions calculated by B3LYP-DFT and MP2 methods with

enolic forms of ureaqa—2d) are more favorable than their

the 6-311#+G(d,p) basis set are illustrated in Figures 2 and 3,

isomerization back to urea followed by its decomposition to which also display the geometric parameters for the two major

NHz and HNCO via TS 3.

Detailed molecular structures of the species and transition

isomers optimized with BB1K-DFT.
The lowest energy isomefa is an eight-membered cyclic

states shown in Figure 1 as well as the energetics calculated aacid—base complex stabilized by two hydrogen bonds. The

various levels of theory are provided in the Supporting Informa- stronger @)—Ha***O()

hydrogen bond withr(Hey**Oy) ~

tion. The predicted thermochemistry of several product channels1.6 A is between the urea O atom and the hydroxyl group of

can be benchmarked against that derived from the literature HNOs, whereas the weakerfy—H -

values of the enthalpies of formation:H,°) of urea (-52.7

Ogz) hydrogen bond with
r(Hp)y**Og) ~ 2.0 A links one of the urea Nigroups to the
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Figure 3. N@—Op)—Hay N, torsional potential T = 0 K, ZPE-correction not included) and molecular structures (bond lengths in A) of the urea
nitrate conformation8a and8b. Geometries and energies along the torsional profile were calculated using the B3LYP-DFT (solid line, values in
italics), BB1K-DFT (values in square brackets), and MP2 (dashed line, values in parentheses) optimization methods withithegeBp)lLbasis

set.

NO; residue of HNQ. By analyzing the potential energy profile
for internal rotation of HNQ@ about the @)— () bond,
we found two additional nearly degenerate local minimi,

and7c. They are the six-membered hydrogen-bonded complexesHay

with a N2)—Hp)***O@2—Hay Oy hydrogen-bonding pattern
involving the hydroxyl group of HN@in a dual role of the

the NH, group of urea). Both formgb and7c are very shallow
minima separated from each other by a torsional barrier®i
kcal/mol. The conversion of formsb and7cto 7aalso has a
low torsional barrier of<0.1 kcal/mol. Besides the carbonyl

stabilized by the @)—

@ "N hydrogen bond between the

hydroxyl group of HNQ and the N atom of urea. The complete
torsion potentials for internal rotation of HN@bout the @)—

N bond are shown in Figure 3. Both MP2 and DFT

optimization methods locate the minimuBg] atz ~ 80°. This
conformation allows for the second hydrogen bond to be formed
proton donor (to the carbonyl group of urea) and acceptor (from between the second NHroup of urea and the N@esidue of

HNOs. Thus,

in addition to the stronger (-Hay**

N

hydrogen bond witl(Hgy+*N(1)) ~ 1.8 A, conformatiorBa is

also stabilized by the weakerd{-Hy*+Ogs)

with r(H)*++O

hydrogen bond

) ~ 2.2 A. The MP2-optimized torsion potential

group, each NElgroup may also be a proton acceptor due to shown in Figure 3 has another minimuBbj atz ~ 23(°, which
the presence of a lone electron pair on the N atom. Therefore,appears as a very small dip on the wide shoulder between form
we have also searched for possible isomeric forms of urea nitrate8a and the torsional barrier §$.,. This small dip is not present
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TABLE 1: Binding Energies? for the Molecular Complexes of Urea, Ammonia, and Hydroxylamine with HNO;

Do°(7) Do°(8) Do°(AN) Do°(HAN)

method no CP CP no CP CP no CP CP no CP
B3LYP/6-31H-+G(d,p) 14.95 14.17 8.46 7.38 12.39 11.24 12.73
BB1K/6-311++G(d,p) 15.39 14.52 8.81 7.66 12.54 11.40 12.89
MP2/6-31H+G(d,p) 13.81 10.89 10.16 7.00 12.27 9.49 12.70
MP2/6-311G(d,p) 14.88 10.47 12.14 7.37 14.25 9.18 14.61
CCSD(T)/6-311G(d,p)) 15.07 10.60 12.10 7.28 13.87 8.82 14.27
MP2/6-31HG(3df,2p) 15.21 13.53 9.90 8.36 11.74 10.52 13.23
G2M(CC,MP2) 15.41 13.66 9.86 8.27 11.36 10.17 12.90

aZPE-corrected, in kcal/mol} = 0 K. ® Geometry optimization was performed at the B3LYP, BB1K, and MP2 levels with the 6-8G(d,p)
basis set. All other calculations were done using the B3LYP/6+31G(d,p) geometries and ZPE correctiohfrom ref 29. Binding energies are
given for the most stable isomer of hydroxylammonium nitrate (HAN); geometries were optimized by the B3LYR/&-G{d,p) method.

in the B3LYP-DFT torsion potential, which otherwise is respectively:
qualitatively similar to the MP2-optimized torsion potential.

To summarize, the UN molecule in the gas phase has the AN(g) — NH; + HNO, (13)
structure of an acigtbase complex stabilized primarily by the
hydrogen-bonding interactions due to partial donation of the HAN(g) — NH,OH + HNO, (14)

acidic proton from HNQ to urea. In urea the electronegative

O and N atoms can serve as the proton acceptor sites. Thus, The basis set superposition error (BSSE) must be accounted
two major isomers7 and 8 can be formed as a result of the for in order to derive more accurate interaction energies for
partial protonation of urea by HNat either the carbonyl or  molecular complexes. The BSSE results in unphysical lowering
amino groups, respectively. Both isomers have the lowest energyof the complex energy relative to the energies of separate
conformations7a and 8a that are distinctly more stable than fragments when finite basis sets are used to calculate the
other forms found as shallow local minima on the torsion interaction energy. We applied the standard counterpoise (CP)
potential energy profiles for the urea nitrate isomers. In fact, correction395! which attempts to correct for energy lowering
these other forms, e.grp, 7c, and8b, are easily converted to  of each fragment by extending the basis set with ghost orbitals
the more favorabl@-forms via torsional motions hindered by  of the other fragment. Some reports, however, suggest that this

barriers of less than 0.1 kcal/mol. scheme does not guarantee a systematic improvement of
Enthalpy of Formation of Gaseous Urea Nitrate.In the theoretical prediction® Therefore, the binding energies of the

following discussion, for brevity we will omit letters from the  hydrogen-bonded complexes of urea and ammonia with HHINO

isomer notations and collectively refer to forma—c and8a,b were evaluated with and without the counterpoise (CP) correc-

as isomerg and8, respectively. Their energetic and molecular tions; the extended 6-3#G(3df,2p) basis set was employed
parameters will be taken as those of the most stable to get more accurate estimates. At all theory levels the CP
conformations. It is worth noting that geometric parameters corrections were applied a posteriori; i.e., they were calculated
optimized in this study by the B3LYP-DFT and MP2 methods for structures optimized on the uncorrected potential energy
with the 6-31H#-+G(d,p) basis set are very consistent with each surfaces. The results in Table 1 indicate that the magnitude of
other, and our optimized geometries of the most stable isomerCP corrections strongly depends on the computational method
7 closely agree with those reported by Kohno efa¥ho used and basis set. The smallest correctionsl (kcal/mol) are
B3LYP-DFT and MP2 optimization methods with the 6+3£G- calculated for DFT methods with the 6-3#3G(d,p) basis, and
(2df,p) basis set. The structures optimized with the BB1K the largest CP values of% kcal/mol apply to MP2 and CCSD-
density functional have slightly shorter covalent bonds compared (T) energies calculated with the 6-311G(d,p) basis set. The CP
to those predicted by the B3LYP-DFT and MP2 methods; the corrections decrease with increasing basis set, so that they
differences are in the range of 0:60.04 A. These differences  amount to only +2 kcal/mol for MP2/6-31%G(3df,2p) and
are consistent with a relatively large fraction (42%) of HF G2M methods. This warrants cautious optimism that the
exchange in the BB1K functional (the HF level of theory 6-3114+G(3df,2p) basis set is sufficiently large to provide
systematically underestimates covalent bond lengths). All estimates of binding energies accurate to within 2 kcal/mol when
optimization methods predict fairly consistent values for the used with correlated levels of theory, such as MP2 and G2M.
lengths of hydrogen bonds in bothand 8. Different levels of theory consistently predict that urea nitrate
We can estimate the enthalpies of formation of the urea nitrateisomer7 is the strongest bound molecular complex, followed
isomers in the gas phase on the basis of their calculated bindingby the complexes of Nf¥OH and NH with HNOz and by isomer
energies and experimental enthalpies of formation oftiad 8. This in turn suggests that the urea O atom has a stronger
nitric acid® Table 1 lists the binding energies for molecular base character than the N atoms in urea,®H, and NH,. At
complexes’ and8 calculated as the enthalpies of the following  the highest level of theory (G2M with CP correction) the binding

reactions: energies for7, 8, and AN(@) are 13.7, 8.3, and 10.2 kcal/mol,
respectively. These binding energies in combination with the
7— NH,C(O)NH, + HNO, (11) experimental enthalpies of formatiomHo°) of urea (52.7
kcal/mol)#* ammonia 9.3 kcal/mol)?> and nitric acid £29.7
8 — NH,C(O)NH, + HNO, (12) kcal/molY*® yield the following enthalpies of formation at=

O K: AfH0°(7) = AfHOo(l) + AfHoO(HN03) - Do°(7) =-96.1
For comparison, we have also included in Table 1 the kcal/mol,AtHo°(8) = —90.7 kcal/mol, andDsHo°(AN) = —49.2
previously calculated binding energies of gaseous ammoniumkcal/mol. Including thermal corrections calculated using theo-
nitrate (ANY7-2°and hydroxylammonium nitrate (HARH2with retical (B3LYP/6-313+G(d,p)) harmonic vibrational frequen-
respect to their dissociation according to eqs 13 and 14, cies leads to the following values for the standard enthalpies of
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Figure 4. HNOgs-catalyzed urea transformations: elght-center pathways. AII ener‘giesq K, ZPE-corrected, in kcal/mol) are given relative to

the reactants (ure&e HNO;) as calculated by the B3LYP-DFT (values in italics), BB1K-DFT (values in square brackets), and MP2 (values in
parentheses) methods with the 6-3tG(d,p) basis set. The best values (in bold) were obtained at the G2M level. The G2M energies identified
with an asterisk were calculated using the MP2/6-B+5(d,p) optimized geometries and ZPE corrections for those structures, which could not

be optimized at the B3LYP/6-3#1+G(d,p) level.

formation of gaseous urea and ammonia nitratAg,9s°(7) acidic Ha) proton from HNQ to urea in eithei? or 8, yielding

= —102.3 kcal/mol, AfH29s°(8) = —97.1 kcal/mol, and ion pairs composed of the nitrate and protonated urea ions. Then

AfH20¢’(AN) = —53.8 kcal/mol. These estimates should be another proton (id)) would have to be transferred back to the

accurate ta+3 kcal/mol. nitrate ion. These two sequential H-shifts would transform the
Regarding the performance of other methods listed in Table urea part of7 to its enolic form, whereas the urea part8n

1, we can comment that using a large basis set in combinationwould become a zwitterion

with the second-order perturbation treatment of electron cor-

relation is sufficient to obtain reliable binding energies for the
molecular complexes studied. B3LYP and BB1K DFT func-
tionals give very similar predictions of binding energies that
are within 2 kcal/mol from the G2M benchmark values.

00 o]
| @ || o
Hy—C=NH <—> NH;—C—NH

which could further undergo the-€N bond fission to produce

However, the errors exhibit a nonsystematic behavior. For NH; and HNCO. On the other hand, a concerted mechanism

instance, DFT methods overestimate the stability of the am-

monia—nitric acid complex and UN isomérbut underestimate
the binding energy of isomes.

Catalytic Effect of HNO3; on Urea Transformations.
Molecular complexes/ and 8 are each stabilized by two
hydrogen bonds between the urea and H@rts arranged in

implies that all bond-breaking and -forming processes must
occur simultaneously, without any ionic intermediates. As
follows from Figure 4, our calculations indicate that the double
proton transfers in botfiaand8aoccur in one step, via T$-oa

and TSa-10s respectively. To get more detailed mechanistic
insights, we optimized and examined the intrinsic reaction

such a manner that makes possible a double proton transfepathways passing through T8 9q and TSa-10a FOr example,
within the cyclic hydrogen-bonded structure. Figure 4 illustrates Figure 5 illustrates the geometric changes along the reaction
the mechanism of the double proton transfer in the most stable path for the HNG-catalyzed urea decomposition via the 8-center

a-forms of complexe§ and8, where two endocyclic protons

TSsa—10ae We have followed the intrinsic reaction coordinate

may shift along the hydrogen bonds within the eight-membered from TSsa-10a far into the forward and reverse directions. The

rings. The double H-shift ir¥ mediates the prototropic tau-
tomerization of urea (a (1,3) H-shift between the N and O
atoms), whereas the double proton transfed facilitates a (1,3)

H-shift between the two N atoms which leads to the breakdown

of the urea part to the HNCO and Nftagments. In both cases,
the HNG; part of either7 or 8 is left chemically unchanged by
the double proton transfer, so that Hy@ffectively plays a

reaction pathways calculated at the MP2 and B3LYP-DFT levels
of theory with the 6-31++G(d,p) basis set have very similar
features. For clarity, only MP2 results are given in Figure 5.
The left-hand side of the reaction profile features two
shoulders associated with the double proton transfer on the way
from complex8ato TSsa-10a IN the early stages, the reaction
involves mainly the motion of the acidic protongifrom the

catalytic role for the (1,3) H-shifts in urea by acting as a donor O, atom of HNG to the Niy atom of urea (here we use the

of the first, Ha), and an acceptor of the secondyHprotons
transferred in a relay fashion.

atomic numbering scheme shown in Figure 4). After the first
proton transfer is essentially complete, molecular structures

These catalytic reactions are rather peculiar from a mecha-along the reaction pathway have a strong ionic character.
nistic standpoint because they involve several bond-breakingHowever, the electrostatic interactions in the ion pair of
and -forming processes for which either a stepwise or a [NH3C(O)NH;"] and [NO;~] are not strong enough to stabilize
concerted mechanism could be envisaged. A stepwise mechathe ionic form urea nitrate in the gas phase, so it appears as a
nism could be initiated by a hypothetical transfer of the single shoulder rather than an intermediate on the reaction profile.
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at the MP2/6-313+G(d,p) level of theory with a step size of 0.05 bohr/&fhu

Meanwhile, the reaction pathway ascends further as the reactionon the way from the reactant to the products, almost as if the
coordinate becomes dominated by the motion of the secondmechanism was stepwise. Furthermore, the mechanism of this
proton Hyy from the Ny atom of urea to the (g atom of HNQ. reaction will probably become truly stepwise in the condensed
The second shoulder on the reaction profile signifies the phases (e.g., in solution), where ionic intermediates discussed

completion of the second proton transfer. The transient structuresabove exist as local minima.

immediately after the double proton transfeBaare reminis-
cent of the urea zwitterion associated with HN®@gain, this

For the HNQ-catalyzed urea tautomerization chanrieH{
HNO; — 7a— TS7a-9a — 92— 2a+ HNO3), we should note

zwitterionic structure is unstable in the gas phase, so it appearsthat the local minimun®a (the complex of HN@with the enolic

only as a shoulder on the reaction profile.

The reaction profile shown in Figure 5 reaches L s, 0nly
in the final stages when the reaction coordinate is clearly
dominated by the breaking of the-®(1) bond, which has been
weakly coupled to the first and second proton transfers in the
earlier stages. The €Ny bond-breaking yields the Ny
HNCO, and HN@ molecules bound together in a termolecular
complex10. The geometry optimization starting from the points
on the right-hand side of the IRC profile ultimately leads to
conformation10a (Figure 4), where the HNCO part can be
viewed as attached to the ammonium nitrate molecular complex.
This is the most stable form of compl&® found in this study,
with a G2M binding energy of 17.1 kcal/mol relative to the
NH3z + HNO3z + HNCO. Although several other (less stable)
conformations ofLO have also been found, we did not pursue
their explicit characterization. Performing a detailed conforma-
tional analysis forlO would be a very difficult task given the
flexibility of this termolecular complex with respect to the
internal rotations of its parts, which result in a large number of
plausible conformations and pathways between them. The
common structural feature of various forms of complékis
the presence of three components (HNEONH; + HNO3)
with different mutual orientation. These components and their

form of urea) and T&-g9a could be found on the MP2/6-
311++G(d,p) PES; however, these stationary points are com-
pletely washed out on the B3LYP-DFT PES. In fact, even at
the MP2 level of theory the energy of 1.5, falls below the
energy level of comple®a after inclusion of the zero-point
vibrational energy corrections. Hence, the HNsatalyzed eight-
center urea tautomerization pathway can be simply written as a
two-step sequencel + HNOs; — 7a— 2a + HNOs. Neither
the first nor the second steps have a well-defined transition state.
Thus, the conversion of NIC(O)NH, (1) to H,NC(OH)NH (2a)
in the presence of HNis controlled solely by the reaction
endothermicity of 15.0 kcal/mol. The reverse reaction assisted
by HNG; is predicted to proceed without any barrier. Under
such circumstances, the enolic forms of urda<2d) are not
expected to accumulate in any significant quantities. In principle,
they may further decompose by either Not H,O elimination
channels (see Figure 1), but the corresponding reaction barriers
are so high that INC(OH)NH is more likely to isomerize back
to urea rather than follow the unimolecular decomposition
pathways.

Besides the eight-center pathways shown in Figure 4, the
HNOgs-catalyzed transformations of urea can be accomplished
via the six-center pathways originating from the urea nitrate

bimolecular complexes (e.g., ammonium nitrate and isocyanate)conformations/b/7c and8b. These pathways are presented in
are expected to be the ultimate products of the urea nitrate Figure 6. They are fairly similar to the eight-center pathways

decomposition via T&-10a
Figure 5 reveals that the double proton transfeédaproceeds

in a sense that they also involve concerted double proton
transfers, but here the samegy@tom of nitric acid acts as the

in a relay fashion, which combines the elements of both stepwise proton donor and acceptor, and the protons are relayed within
and concerted mechanisms. This reaction is concerted in a sensthe six-center hydrogen-bonding structures. These reactions
that it proceeds in a single step, without any ionic intermediates. involve six-center transition states &S, and TSp-10p Well-
However, the reaction coordinate undergoes substantial changeslefined at both the MP2 and B3LYP-DFT levels of theory. The
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Figure 6. HNOs-catalyzed urea transformations: six-center pathways. All energiesQ K, ZPE-corrected, in kcal/mol) are given relative to the
reactants (urea& HNOs) as calculated by the B3LYP-DFT (values in italics), BB1K-DFT (values in square brackets), and MP2 (values in parentheses)
methods with the 6-3H+G(d,p) basis set. The best values (in bold) are obtained at the G2M level. The G2M energies identified with an asterisk
are calculated using the MP2/6-3t1+G(d,p) optimized geometries and ZPE corrections for those structures, which could not be optimized at the
B3LYP/6-31H+G(d,p) level.

energies of Tg-op and TSp-10p are slightly higher than those e
of the eight-center TS 9a and TSa-10a Nevertheless, the N "
energy of TSp-gp falls below the energy level 0®b after H, c/ v
inclusion of the zero-point vibrational energy corrections, as 71/ \01
was the case for F§-go and 9a. Thus, the HNG-catalyzed Ho S ( TSpups M
conversion of HNC(OH)NH to HLNC(O)NH, effectively / — M o
proceeds without a barrier via both the six- and eight-center ( 19.6 ’ o /
. . ) Gy ( o, [149] / [13.1]
reaction pathways. The effective G2M barrier for the urea Ny gsg  (143) (114 N
decomposition to HNCO and NHassisted by HN@via the / @) \ 154 121 H o 93+ — \0
six-center pathway is 16.5 kcal/mol, which 182 kcal/mol NH,C(O)NHy(1) 04(13 8) D '
higher than the barrier for the analogous eight-center decom- +HNO; ° -15.4 “TS“-“
position pathway via T&-10a This difference is fairly small, °\u / [ig'j]
so that both six- and eight-center decomposition pathways are \ N1 b 2 /N1\ (44.4)
expected to be competitive. The IRC calculation for the six- s e W 446
center TSp-10p in forward direction connects it to the termo- g ton
lecular complexLOb, which is stabilized by 10.2 kcal/mol with 24.9 O N
respect to the separated fragments §NHHNCO + HNO3). /3\ Eg% N [{2.41(]
The latter fragments as well as their bimolecular complexes (e.g., N;I/ 85 24.4 L ’\0 /C\ (10.2)
ammonium nitrate and isocyanate) are expected to be the ) | || 18 s 2) o E’I o, 95
ultimate products of the urea nitrate decomposition via both 0. 99
the six- and eight-center decomposition pathways. Figure 7. Nucleophilic reactions of HN@with urea. All energiesT
Nucleophilic Reactions of HNQ with Urea. In the reactions = 0 K, ZPE-corrected, in kcal/mol) are given relative to the reactants

of urea with HNQ considered above, HNCeffectively plays (urea+ HNOs) as calculated by the B3LYP-DFT (values in italics),
a role of a dual acigtbase catalyst for urea isomerization and BB1K-DFT (values in square brackets), and MP2 (values in parenthe-
decomposition. Besides acting as a proton donor, EIN@y ses) methods with the 6-311#G(d,p) basis set. The best values (in

) " bold) were obtained at the G2M level. The G2M energies identified
also attack the carbonyl C atom of urea as a nucleophile. Figure i’ an asterisk were calculated using the MP2/6-B1G(d.p)

7 illustrates the mechanisms of two nucleophilic reactions of gptimized geometries and ZPE corrections for those structures, which
HNO;z with urea concerted with proton transfers from HNO could not be optimized at the B3LYP/6-3t+G(d,p) level.
either O or N atoms of urea.

The first pathway originates from the molecular complex B3LYP/6-31H+G(d,p) method fails to find a local minimum
and involves a proton transfer from HN® the urea O atom  corresponding to intermedial®. Its alternative transformations,
coupled with a nucleophilic attack of the@nitrate oxygen such as HO or NH; eliminations, are not likely to be
atom on the urea C atom. This pathway leads to the addition of competitive. For example, the NHelimination producing an

HNO;s to the carbonyl group producing intermedid@with a anhydride of nitric and carbamic acids4j has a barrier of 30
tetrahedral carbon center. This intermediate easily rearrangeskcal/mol (see Figure 7).
back to7aover a barrier of~3 kcal/mol, according to the MP2/ In the second pathway originating from the molecular

6-311++G(d,p) and G2M energetics based on the MP2- complex8a, the nucleophilic attack of @ nitrate oxygen atom
optimized structure ofl3. The latter barrier is reduced to 1.8 on the urea C atom is concerted with the proton transfer from
kcal/mol at the BB1K/6-31t+G(d,p) level, whereas the HNO;to the N atom in urea (see Figure 7). The protonation of
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SCHEME 4
1S, , NH3+HNCO+HOX

H,NC(O)NH, + HOX —'SBL C(NH,),(OH)(OX)

T% 1 Se2

H,NC(0)OX + NH;

TABLE 2: Summary of Energetic Parameters? for
Reactions of Urea with HO and HNO3;

X = Hp X = NOz

species CBS-QB3 B3LYP/6-31G*  G2M
HoNC(O)NH, + XOH 0.0 0.0 0.0
TSa 24.9 16.7 14.3
NH3 + HNCO +XOH 15.2 16.5 14.7
TSe1 47.0 41.6 12.1
C(NHy),(OH)(OX) 135 13.7 9.3
TS, 41.9 44.6
TS 47.9 41.3 24.4
HoNC(O)OX -+ NHs -1.2 —4.6 9.5

@ Relative energies (ZPE-corrected, in kcal/miok 0 K) are given
with respect to the reactants (ureaXxOH). ® From ref 9.¢ This work.

Tokmakov et al.

nucleophilic substitution at the urea C atom. The transition states
TSa, TSe1, TSz, and T correspond to Tsg29, TSi0-11,
TSe-10, and TS_1, for X = H reported by Tsipis and Karipidis

and to TSa-10a TSra-13, TSi3-14 and TSa-14 for X = NO,

(see Figures 4 and 7). For simplicity, molecular complexes
formed by the reactants and products are omitted from Scheme
4.

The reliable energies for the ureaHOX reactions have been
calculated at the high levels of theory: CBS-QB3 for=XH
(from Tsipis and Karipidi§ and G2M for X= NO; (this work).
Their comparison (see Table 2) reveals that all three initial
reactions of urea with HNEhave lower barriers than those with
H,0, which is reasonable taking into account the stronger acidity
of HNOs and the less strained structure ofal $Sg1, and TS
for the reactions of urea with HNQvs those involved in the
urea hydrolysis. On the other hand, the barrier for 3NH
elimination from C(NH),(OH)(OX) is fairly high in both cases.

As a result, the concerted substitution (channel C) is more

favorable than the stepwise channel B for the reaction with

HNOs, whereas these two channels have comparable barriers
for the reaction with HO. However, the most favorable channel

in both cases is the HOX-catalyzed urea breakdown (channel

urea at the N atom releases a neutralshiolecule, while the  A) " similar processes to those summarized in Scheme 4 are

ONG; anion takes its place at the C atom. This pathway eypected to be involved in the reactions of urea with other HOX

effecnve_ly results in t_he direct n_ucleophlhc subst_ltuuon at the species, such as alcohols, organic and mineral acids, etc.

C atom in8a, producing anhydridd4 over a barrier of 24.4

keal/mol (G2M) with respect to the energy level of urea and |\, symmary of Reaction Pathways and Conclusions

HNOs. The latter barrier is about 10 kcal/mol higher than that

for the HNGs-catalyzed urea decomposition to HNCIONH3 Gas-phase urea nitrate is an acithse complex stabilized

(see Figure 4). Therefore, anhydritié may be produced only  primarily by partial proton transfer from HNgo urea. Two

as a minor coproduct during the gas-phase decomposition ofisomers,7 and8, are formed by hydrogen bonding of the acidic

urea nitrate. At high temperatur®4 should readily decompose  proton of HNQ with the carbonyl or amino groups of urea,

to CO, + N2O + H0. respectively. Figure 8 summarizes various reaction pathways
Similarities of the Reactions of Urea with HO and HNOs. from 7 and 8 computed at the G2M level of theory (only

It is instructive to compare our results for the reaction of urea transformations of the lowest energy conformations are shown).

with HNOs; with those for the hydrolysis of urea reported For comparison, we have also shown the decomposition pathway

recently by Tsipis and KaripidisThe two reactions proceed 7 —TS1— INT1— TS2— HNCO + NHs+ HNOs; computed

via similar channels, which can be summarized in a single by Kohno et af at the MP2/6-3++G(2dp) level of theory.

mechanism shown in Scheme 4. Channel A corresponds to the Molecular complexe§ and 8 can undergo relatively facile

HOX-catalyzed (X= H, NO,) urea decomposition to Nd-and
HNCO. Channel B is a two-step additioelimination se-

quence: (i) HOX addition to the carbonyl group forming an

intermediate with a tetrahedral carbon center; (ii)3\dHmina-
tion from this intermediate. Channel C is a concertgetype

double proton transfers within cyclic hydrogen-bonded networks
(see Figure 8). The double H-shift ihmediates the ketoenol
tautomerization of urea via TS, whereas the double H-transfer
in 8 facilitates the breakdown of the urea part to the HNCO
and NH; via TSs—10. In these reactions, HN{plays a catalytic

Tsﬁ TS,
(486, 442"
H
S [0} \ TS1
\‘ -— H,
TSg.14° \\c N

: . NH=CONH,+HNO;
NH;+HNCO+HNOy

14.7
NH,CO,NO,+NH;

NH;+HNCO+HNO;

,EI 14.7

-15.4

Figure 8. Schematic potential energy diagram of the urea nitrate decomposition pathways in the gas phase. Erer@iks ZPE-corrected, in
kcal/mol) are given relative to ureé HNO; as calculated in this work by the G2M method. The values in parentheses were calculated at the
MP2/6-3H+G(2dp) level by Kohno et af.
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role for the (1,3) H-shifts in urea by acting as a donor of the ~ (10) Estiu, G.; Merz, K. M., JrJ. Am. Chem. So@004 126, 6932~
: ; 6944,
?rsthand an ﬁcﬁepmr %f.the Sefond proto?stt)raﬂsferred Ina re'%y (11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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